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STRUCTURAL ANALYSIS OF FARET CORE SUPPORTS UNDER 
MECHANICAL AND THERMAL LOADINGS 

by 

M, M, Chen 

ABSTRACT 

A structural analysis was made (Sept 1963) of the core 
support grid of the Fast Reactor Test Facility (FARET), 
This s t ructure consists of three circular plates which form 
high- and low-pressure plenums for achieving a coolant 
flow distribution. These plates are perforated for insertion 
of the fuel rods. The weight of the fuel assemblies and the 
coolant p r e s s u r e s in the plenums constitute the principal 
mechanical loading of the core support grid. In addition, 
thermal loadings a r i se because of the tempera ture d i s t r i ­
butions in the grid. 

A general solution has been developed for the s t r e s s 
analysis of a core support plate which is subjected to these 
mechanical and thermal loadings for any rotationally r e ­
strained edge conditions. The resulting deflections and 
s t r e s s e s were computed for various loading conditions by 
use of the IBM-704 computer. For the thermal analysis , a 
rotationally symmetr ic temperature distribution was a s ­
sumed, varying linearly through the thickness of the plate. 
The analysis was based on classical small-deflection theory 
and the concept of the "equivalent solid plate" of O'Donnell 
and Langer. The solution was applied to a model which 
simulates the FARET core support subjected to a combined 
mechanical and thermal loading. 

I. INTRODUCTION 

The Fas t Reactor Test (FARET) program is an experimental p ro ­
gram directed toward the demonstrat ion of breeder r eac to r s which a re e s -
sential to the long-range goal of utilizing fertile f u e l s . ^ ' The facility is 
planned and designed for carrying out experimental work involving both 
reactor engineering performance, and reactor dynamics and safety. The 
a reas of investigation in engineering performance will be those involving 
fuel and fuel-clad concepts and designs, high power densit ies and high tem­
pe ra tu re s , highfissi le atom burnup, and system operating experience ex­
pected in an actual power breeder . The dynamics and safety investigations 



will include the determination of nuclear character is t ics in connection with 
the stability and safety of large dilute systems, and the observation of r e ­
activity effects due to the change in temperature of fuel, sodium, and clad. 
The temperature changes will simulate the actual operating conditions of 
a fast breeder. Detailed descriptions of some well-planned experiments 
are given in Ref, 1, 

Because of the particular objectives of the experimental p rograms , 
three separate cores are needed for the FARET reactor , namely, (l) a 
zoned core, (2) a medium core, and (3) a small core. The basic plan of 
the reactor core is shown in Fig, 1, and the possible core s izes , excluding 
the reflectors, are shown in Table 1, Inside each core three types of sub­
assemblies (fuel, control and reflector) comprise the static loading, each 
of which conforms to a common design subassembly. Each subassembly 
is hexagonal in shape; the outer dimension is 2,29 in, across flats (see 
Fig, 2). The weight of each subassembly is 150 lb, and the total static 
load of a full complement of subassemblies is about 90,000 lb. All the sub­
assemblies are maintained in a lattice spacing of 2.32 in, (see Fig. 3), 
The holes are distributed symmetrically with respect to the center of the 
plate and are arranged in an equilateral pattern. 

Fig, 1 Core Section 

Table 1 

Core Parameter 

Volume (liters) 
Diameter (cm) 

Length (cm) 

CORE GEOMETRIES 
(Approximate) 

Small Core 

40 
44 
33 

Medium Core 

400 
95 
70 

Zoned Core 

1400 
150 
120 
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The core support grid is formed by three perforated circular 
plates. In addition to supporting the fuel, control, and reflector subassem­
blies, it forms the high- and low-pressure plenums from which liquid so­
dium flows into the subassemblies to obtain a cooling effect. The grid 
structure itself is supported within the reactor vessel by a core support 
cylinder (see Fig. 2), The cylindrical l iner, in turn, is supported by a 
flange at the reactor vessel wall, shown in Fig. 4, The gr id -s t ruc ture 
models chosen for the analysis which character ize the various possible 
designs are shown in Fig. 5. 

CONTROL DRtVE W O Z Z L E S 

REACTOR VESSEL COVER 

INSTRUMENT 
NOZZLES 

SUPPORT LINER 

THERMAL BARRIER 

REACTOR VESSEL 

Fig, 4, Reactor Vessel 
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F i g , 5. G r i d - s t r u c t u r e Suppor t ing A r r a n g e m e n t s 

The p r i m a r y coo lan t e n t e r s into the lower ( h i g h - p r e s s u r e ) p l e n u m 
t h r o u g h the a n n u l a r s p a c e be tween the v e s s e l and the c o r e s u p p o r t c y l i n d e r . 
The u p p e r ( l o w - p r e s s u r e ) p l e n u m r e c e i v e s the coo lan t f r o m the l o w e r p l e ­
num t h r o u g h o r i f i c e d p a s s a g e s in s o m e of the ou te r s u b a s s e m b l y a d a p t o r s . 
The in le t p r e s s u r e s c a u s e d by the p u m p s m a y v a r y f r o m a few p s i to 85 p s i 
in the l o w e r p l e n u m , and f r o m a few p s i to a p p r o x i m a t e l y 45 p s i in the u p ­
p e r p l e n u m . The m a x i m u m d e s i g n p r e s s u r e i m p o s e d by the p l anned e x p e r i ­
m e n t s i s 85 p s i ( see Tab le 2), 

Tab le 2 

P R E L I M I N A R Y DESIGN R E Q U I R E M E N T S OF F A R E T REACTOR^^) 

C o r e 

S m a l l 
M e d i u m 
Zoned 

Flow Rate 
(gpm @1000°F) 

600-6000 
600-6000 
600-6000 

Inlet and Out le t 
P r e s s u r e Change 
(ps i @6000 gpm) 

85 
85 
85 

Inlet 
T e m p e r a t u r e 

(°F) 

600-1000 
300-400 
300-400 

C o r e 
T e m p e r a t u r e 
I n c r e a s e (°F) 

0-240 
0-100 
0-100 
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The inlet and outlet temperatures of the coolant vary according to 
flow rates and types of operation. For normal operation, with a heat r e ­
moval capacity of 50 MW, the inlet and outlet tempera tures a re considered 
to be 600°F and 840°F, respectively. For the highest mode of operation, the 
inlet temperature may be 1050°F and occasionally r ise as high as 1200°F, 
The maximum temperature increase may be as much as 300°F, A temper ­
ature of 1200°F is currently considered as the upper limit for the const ruc­
tion materials of interest, such as stainless steels . The physical proper t ies 
of these materials have been used in the numerical examples of this study. 

The temperature requirements imposed by experiments for various 
cores are also shown in Table 2, The changes in tempera tures in the core 
support region, however, are expected to be transient in nature. This may 
be caused by a mismatch of the reactor power with the coolant flow ra tes 
in the pr imary and secondary systems. Typical temperature variat ions for 
the plates of the FARET model considered in this report will be shown in 
Section III, 

In Section II, a bending analysis is made of the perforated plates of 
a core support based on the design requirements of static, internal p ressure , 
and thermal loading conditions discussed above. 



13 

II. ANALYSIS 

N o m e n c l a t u r e 

W l a t e r a l de f l ec t ion of p l a t e m i d s u r f a c e 

h p l a t e t h i c k n e s s 

a p l a t e r a d i u s 

p l a t e r a l l y app l i ed p r e s s u r e 

T t e m p e r a t u r e d i s t r i b u t i o n , Eq . (3) 

a coef f ic ien t of l i n e a r t h e r m a l e x p a n s i o n 

E, E * Y o u n g ' s m o d u l u s and effect ive Y o u n g ' s m o d u l u s of the p e r f o r a t e d 
p l a t e depend ing on l i g a m e n t ef f ic iency, w) r e s p e c t i v e l y 

V, V* P o i s s o n ' s r a t i o and ef fec t ive P o i s s o n ' s r a t i o of the p e r f o r a t e d 
p l a t e depend ing on l i g a m e n t ef f ic iency, ^^' r e s p e c t i v e l y 

D * E * h y i 2 [ l - v*^], f l e x u r a l r i g i d i t y of the p e r f o r a t e d p la te (3 ) 

Or R a d i a l s t r e s s 

OQ Circumferential stress 

â  Radial membrane stress 

Og C i r c u m f e r e n t i a l m e m b r a n e s t r e s s 

M^ R a d i a l bend ing m o m e n t p e r uni t c i r c u m f e r e n t i a l l eng th 

M g C i r c u m f e r e n t i a l bend ing m o m e n t p e r uni t c i r c u m f e r e n t i a l l eng th 

Mj. T h e r m a l m o m e n t p e r uni t c i r c u m f e r e n t i a l l eng th 

k R o t a t i o n a l r e s t r a i n t f ac to r 

Aj^, Bj^ T e m p e r a t u r e c o n s t a n t s (whe re n = 0, 1, e t c . ) 

V ; H , L a p l a c i a n o p e r a t o r 
dr'^ r d r 

r , z r a d i a l and a x i a l c o o r d i n a t e s , r e s p e c t i v e l y 

The c a l c u l a t i o n of s t r e s s e s and de f l ec t i ons of a r e a c t o r c o r e s u p p o r t 
s y s t e m is one of the m a j o r u n d e r t a k i n g s d u r i n g the p r e l i m i n a r y s t a g e of a 
r e a c t o r d e s i g n . The t h r e e p e r f o r a t e d p l a t e s of the c o r e s u p p o r t s t r u c t u r e 
c o n s i d e r e d in t h i s r e p o r t w i l l be d e s i g n a t e d a s the top, m i d d l e , and b o t t o m 
g r i d p l a t e s ( s ee F i g . 6). The p e r f o r a t i o n s of t h e s e p l a t e s a r e in an e q u i l a t ­
e r a l t r i a n g u l a r p a t t e r n so tha t the " equ iva l en t p l a t e t h e o r y " of O ' D o n n e l l 
and L a n g e r ' - ^ ' i s a p p l i c a b l e . 



F i g . 6 

C o o r d i n a t e S y s t e m s 
for a C i r c u l a r P l a t e 

The s ta t i c load due to the v a r i o u s s u b a s s e m b l i e s i s app l i ed only to 
the top pla te , w h e r e a s i n t e r n a l p r e s s u r e s and t h e r m a l g r a d i e n t s a r e ex ­
e r t e d on a l l t h r e e p l a t e s . The bounda ry condi t ions a r e such tha t the d e ­
f lect ions m u s t van i sh and that the ang les of r o t a t i o n m a y v a r y on the 
boundary in an a r b i t r a r y m a n n e r . In the following, a bending a n a l y s i s for 
a p e r f o r a t e d c i r c u l a r p la te under p r e s c r i b e d loads is deve loped . The 
c l a s s i c a l l i nea r t heo ry is used . 

The governing d i f ferent ia l equa t ion '4 ) for the bending of c i r c u l a r 
p la tes m a d e of an i so t rop ic m a t e r i a l of un i fo rm t h i c k n e s s sub jec ted to a 
t e m p e r a t u r e g rad ien t and a l a t e r a l p r e s s u r e is ex t ended to the p e r f o r a t e d 
ca se as follows: 

D* V^ V^W 1 
-, X̂ (1) 

whe re 

Mt aE* I Tz dz. 
J-h -h/2 

(2) 

The coord ina te s y s t e m used is shown in F ig . 6. 

The t e m p e r a t u r e is a s s u m e d to v a r y l i n e a r l y t h r o u g h the t h i c k n e s s 
of the plate and to be ax ia l ly s y m m e t r i c . It i s a s s u m e d that the t e m p e r a t u r e 
d i s t r ibu t ion can be e x p r e s s e d by a c o n v e r g e n t power s e r i e s : 
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T(r,z) = To(r) " f ^ A„ 

where the Ajj's are constant and A^r^i has the same dimension as tempera­
ture . The radial temperature distribution at the midsurface of the plate is 
given by To(r). It is seen from Eq. (3) that the temperature decreases as 
z increases if the A^ have positive values. The te rms containing A^ri^ 
represen t the tempera ture difference between the upper and lower faces for 
various values of r (Fig. 7). It is to be noted from Eq. (2) that the thermal 
moment vanishes when temperature variations with z are symmetr ical with 
respect to the midsurface of the plate. The solution for membrane s t r e s se s 
due to the rmal forces has been found previously.("^'^^ The determination of 
the combined bending and membrane s t r e s ses for the core support model 
will be given in Section III. 

Fig. 7. Variation of AT for Various Values of n 

The mathematical boundary conditions for a simply supported or a 
clamped plate are generally expressed by the following equations: 
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i ^ ^ = 0; W(a) = 0; Mr(a) = 0 (4a, 4b, 4c) 
dr 

for simply supported plates, and 

i ^ = 0; W(a) = 0; ^ ^ = 0 (5a, 5b, 5c) 
dr dr 

for clamped plates. However, neither of the limiting conditions, Eq. (4c) or 
Eq. (5c), is encountered in practice. For example, the clamped condition at 
the edge is rarely realized because no practical mounting can be built for a 
plate support with infinite rigidity. The question as to whether the plate is 
simply supported or clamped depends upon the relat ive stiffness of the plate 
and its support, and the means of joining. The exact degree of res t ra in t r e ­
quires experimental verification. 

In this report an edge rotation res t ra in t factor, k, is introduced such 
that the angular displacement at the edge of the plate can be taken to be any­
where between the limiting cases of Eqs. (4c) and (5c). This res t ra in t factor 
along with the energy method has been used in Ref. 6 to analyze the EBR-II 
reactor grid structure. The boundary conditions for a rotationally r e ­
strained plate can be stated as follows: 

dW(0) , , 
-d^— = 0; W(a) = 0 (4a, 4b) 

for all edge conditions, and 

dW(a) / ^ 
— j ^ — = 0 for k = I; Mr^a) = 0 for k = 0, (6) 

where O ^ k s l . For the simply supported case k = 0, and for the fully r e ­
strained edge k = 1. 

Solution of Eqs. (1), (2), (3), (4a), (4b), and (6) yields 

f = ii^.(f)*<'--'>{[-i^] - 4'*4 '̂](T)"*(̂ r} 
oo 

_l_(M2:*)a/a\^ V- A ^ r r 2(n + 2 ) ( l - k ) l 

2 [hj z.(n+2)Hl-" m ; * -> 
n-o 

-'"-'[•-^Kir-en 



provided the p ressu re is uniform. For a nonuniform la tera l p ressure , 
p = p(r), a part icular solution, Wp, may be obtained through the successive 
integration: 

"p"'̂  / ^ r " r ^ r ^ '̂••'-•"•̂ - (s) 

The a rb i t r a ry constants for the general solution must be determined from 
the boundary conditions, Eqs. (4a), (4b), and (6). 

If there is no thermal gradient, the solution of Eq. (7) for k = 0, and 
k = 1, reduces the deflections due to the mechanical load obtained in Ref. 7. 
Similarly, for the thermal gradient only, and for k = 0 and k = 1, Eq. (7) 
reduces to the solution obtained in Ref. 8. 

The radial and circumferential bending moments are related to the 
la tera l deflection and thermal moment as follows: (4) 

M, = .j,*(^,-*m-J^; (9) 
^ \ dr^ r dr / 1 . ;,* 

Vr dr d r^ / I - V* 

The radial and circumferent ial s t r e s se s at the upper and lower faces of the 
plate are related to the bending moments: v4j 

Oj, = 6Mr/h^ (11) 

OQ = 6Mg/h^. (12) 

The sign conventions of these quantities are indicated in Fig. 6. 

Substitution of Eq. (7) into Eqs. (9) and (lO) yields, respectively, 

^'^f.(|.)(t)'['="*-^'''-<'"*'(i)1 
OO 

- _ ^ _ ^ y ^ r ( i . , * - 2 k ) - ( l - v * ) ( l f l ; (13) 
12(1 -V*) - ^ (n + 2) L \ a y J 

n=o 



Ma = T^(^)(fn(^-*--^-(^-^*K€l 

12(1 
n=o ' 

w h e r e Mj. and Mg a r e n o n d i m e n s i o n a l q u a n t i t i e s : 

Mr = Mr / (E*h^) ; Mg = M e / ( E * h 2 ) . 

The t e m p e r a t u r e v a r i a t i o n AT is def ined a s A^^r", and i t s g r a p h i c a l r e p r e ­
sen ta t ion for n = 0 to n = 5 is shown in F i g . 7. The bend ing s t r e s s e s can 
be obta ined f r o m E q s . ( l l ) to (14) for a g i v e n AT. The a p p l i c a t i o n of the 
so lu t ion ob ta ined to the p r e l i m i n a r y d e s i g n of the F A R E T r e a c t o r g r i d p la tes 
i s shown in the next s ec t i on . 



III. APPLICATION TO FARET REACTOR GRID PLATES 

A. C o r e Mode l and Load ing Condi t ions 

A t y p i c a l m o d e l of the F A R E T g r i d p l a t e s i s shown i n F i g . 8 . The m i d -
s u r f a c e i s t a k e n a t z = 0 for each p l a t e , and the s a m e s y m b o l s a s u s e d in S e c ­
t ion II a r e u s e d for a l l t h r e e p l a t e s . The loading condi t ions due to t he s t a t i c 
load , i n t e r n a l p r e s s u r e , and t e m p e r a t u r e v a r i a t i o n s a r e shown in Tab le 3 

TOP GRID PLATE 

4ID0LE GRID PLATE 

BirrroH GRID PLATE 

STATIC LOAD = 90,000 1 bi 

1=10 pii 

F i g . 8 

C o o r d i n a t e S y s t e m and M e c h a n ­
i ca l L o a d s for Mode l of F A R E T 
Gr id P l a t e s 

Table 3 

LOADING CONDITIONS FOR FARET MODEL 

(See F igs . 8 and 9) 

^ v ^ Loads 

P la te s ^ ^ ^ 

T o p 

Middle 

Bottom 

Static Load (lb) 

90 000* 

0 

0 

Ap (psi) 

- 1 0 

- 7 5 

85 

Tempera tu re Distr ibution** (°F) 

Bo 

0 

25 

25 

B j a 

37,5 

30 

10 

Ao 

0 

- 5 0 

- 5 0 

A,a 

- 2 5 

10 

0 

* The stat ic load is a s sumed to be uniformly dis t r ibuted 
over the ent i re pla te . 

** The t e m p e r a t u r e dis t r ibut ion is express ib le as follows: 

T(r ,z) = Bo + Bir - A ( A o + A i r ) (15) 

and in F i g s . 8 and 9. It i s s e e n f r o m Tab le 3 tha t when n = 0 and n = 1, the 
t e r m To(r) in Eq . (3) t a k e s the following f o r m : 

To(r) = Bo + B i r , ; i 6 ) 

w h e r e BQ and Bj are c o n s t a n t s , and Bj r h a s the s a m e d i m e n s i o n a s t e m p e r ­
a t u r e . The above p o s t u l a t e d t e m p e r a t u r e d i s t r i b t u i o n s in the g r i d p l a t e s 



a r e b a s e d on the a s s u m p t i o n that the coolant t e m p e r a t u r e at the in le t to the 
s t r u c t u r e changes occas iona l ly a s m u c h a s 50' 'F d u r i n g a f r a c t i o n of a m i n ­
u t e . Such a change in t e m p e r a t u r e migh t be c a u s e d by a m i s m a t c h of t he 
r e a c t o r power with the coolant flow r a t e s in the p r i m a r y a n d / o r s e c o n d a r y 
s y s t e m s . 

(a) TOP GRID PLATE (b) MIDDLE GRID PLATE (c) BOnOM GRID PLATE 

Fig , 9, T e m p e r a t u r e D i s t r i b u t i o n s for F A R E T Mode l 

A s s u m i n g th is r ap id 50°F change , it w a s e s t i m a t e d that the t h e r m a l 
r e s p o n s e of the g r id p la te s would be slow enough to p r o d u c e the z - d i r e c t i o n 
t e m p e r a t u r e g r a d i e n t s u sed . The t e m p e r a t u r e g r a d i e n t in the r - d i r e c t i o n 
is b a s e d on the effects of c o o l a n t - t r a n s p o r t t i m e a s \vell as e n e r g y l o s s e s 
f rom the coolant as it p a s s e s the s t r u c t u r e , which is a t a l ower t e m p e r a t u r e . 
These t e m p e r a t u r e c o n s i d e r a t i o n s a r e b a s e d on the s m a l l - z o n e c o r e con­
f igura t ions ; on the other hand, the s t a t i c load is c a l c u l a t e d for a full c o m p l e ­
ment of 595 fuel e l e m e n t s act ing on the top p la te of the zone c o r e . This 
c o r r e s p o n d s to the h ighes t t h e r m a l and s ta t i c s t r e s s e s , r e s p e c t i v e l y . 

B. Deformat ion of Grid P l a t e s 

It is seen from Eq. (?) that the l a t e r a l def lec t ion due to a u n i f o r m 
t e m p e r a t u r e d i s t r ibu t ion a c r o s s the p l a t e , i . e . , n = 0, and l i n e a r t e m p e r ­
a t u r e d i s t r ib tu ion , i .e . , n = 1, is d e t e r m i n e d by 

w; 
h 11̂ * f(- 1 + 

4 ( l - k ) 

I + V* 
- 2 1 + 

2 ( l - k ) 

1 + V* 

f£)^„(l-.)[l-(-

18 [hi ^ ' 
6 ( 1 - k ) 

1 + V* 

6 ( 1 - k ) 

1 + 7^* (fr-(-i) 
17 

file:///vell
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The maximum deflection occurs at the center (r = O) of the plate. The d i s ­
tribution of deflections due to the loadings as described in Table 3, for 
k = 0, 0.25, 0.5, 0.75, and 1.0, a re plotted in Figs. 10 to 12 for the top plate 
only. It is to be noted that the la teral deflection of the bottom plate is 
caused by the internal p re s su re and AQ only, since Aj = 0 (See Table 3). 
This deflection can be obtained through interpolation by using the numerical 
resu l t s for the middle plate. 

T 1—'—r "T- T 
P = 30 psi 
E' = 2 .01* K 10* psi 
»• = 0.605 
a = 10.36 X 10"* i n / in - °F 

Fig. 10 

Deflection Distributions for 
Top Plate, P = 30 psi 

Fig . 11 

Deflection Distributions for 
Top Plate , AT = -25'=F 
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F i g . 12 
Def lec t ion D i s t r i b u t i o n s for Top 
P l a t e , Combined P r e s s u r e and 
T e m p e r a t u r e Effec ts 

In the ca l cu l a t i ons , the effective modu lus of e l a s t i c i t y , E* , w a s 
taken as 2,014 x 10 psi and the effective P o i s s o n ' s r a t i o , 0 ,605, 
These va lues c o r r e s p o n d to Type 3 16 s t a i n l e s s s t ee l at a s e r v i c e t e m p e r ­
a t u r e of 1000°F, and w e r e obtained from Fig , 21 (in Sect ion C, below) for 
the given pe r fo ra t i on of the p la te . The coefficient of l i n e a r t h e r m a l ex ­
pans ion , a , was t aken as 10,36 x 10" ' i n . / ( in . ) ( °F) . The i n t e r n a l p r e s s u r e 
of 10 ps i act ing upward on the top p la te (See Table 3) w a s not inc luded in 
the computa t ion . In the ca lcu la t ion of s t r e s s and d i s p l a c e m e n t d i s t r i b u t i o n s , 
the t h i cknes s of the top, midd le , and bot tom p l a t e s w e r e t a k e n a s 6, 4, and 
4 in, , r e s p e c t i v e l y . 

The to ta l def lec t ions for the top p l a t e , including Ag, a r e p lo t ted in 
F i g s . 13 to 15, The def lec t ions due to p r e s s u r e and t e m p e r a t u r e v /e re c o m ­
puted s e p a r a t e l y (see F i g s , 10, 11, 13, and 14), The de f lec t ions due to the 
combined loadings a r e shown in F i g s . 12 and 15, The m a x i m u m def lec t ions 
of the g r id p l a t e s a r e s u m m a r i z e d in Table 4 for t h r e e types of s u p p o r t , 
n a m e l y , k = 0, 0,5, and 1.0, 
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Fig. 13. Maximum Deflection vs . 
Plate Thickness, 
P = 30 psi 

Fig, 14. Maximum Deflection vs. 
Plate Thickness, 
AT = -25°F 

Fig, 15 

Maximum Deflection vs. Plate 
Thickness, Combined P r e s s u r e 
and Temperature Effects 



Table 4 

MAXIMUM D E F L E C T I O N S (in.) FOR GRID P L A T E S 

w 
m a x 
h 

Top 
(h = 6 in.) 

Middle 
(h = 4 in.) 

Bo t tom 
(h = 4 in.) 

Type of Suppor t 

k = 0 

7.57 X 10" ' 

-5 .57 X 10-^ 

6.35 X IQ-^ 

k = 0,5 

4.25 X 10"^ 

- 3 , 7 8 X 10"^ 

4 .34 X 10"^ 

k = 1.0 

9.22 X 10"* 

-1 .99 X 10"^ 

2.32 X 10"^ 

C, S t r e s s Componen t s 

1. Bending S t r e s s e s 

The r a d i a l and c i r c u m f e r e n t i a l s t r e s s c o m p o n e n t s can be found 
by subs t i tu t ing Eq. (15) into E q s , (13) and (14) and then into E q s . (11) and (12) 

^ 8 E*U/ 

A^ak 

2(1 - V*) 

(3 + V* - 2k) - ( 3 + V*) 

CXA l a (-1 + v* + 2k) 
1 (f)l ; i 8 ) 

a n d 

""e " "8" Ji= r (2 •*" ' '* - 2k) - (1 + 31^* 

Aottk 

2(1 - V*) 
OA l a 1 + ^* + 2k) r l 

(1-V*) ^ ^ T J ' (19) 

w h e r e a = Q ^ / E * and <JQ = O g / E * a r e n o n d i m e n s i o n a l r a d i a l and c i r c u m -
l e r e n t i a l s t r e s s c o m p o n e n t s due to bend ing . 

s t r e s s te " A ' ^ T , M ^ ' ° ' ^ ^ f ' ' ' • ^'^^ ^""^ ^^'^^ ^^^^ '^^ c o n s t a n t t h e r m a l -
In F L S T a r y ? . ^ " " ^ ^ " ' P ' " " ^ ° " '""^ " " ^ ^ ° ^ - t e m p e r a t u r e A, only. 
s " r e s s c o l o T ' ' T ' ^ ^ ^ ^ " ' ^ " " " ^ °f ^^e r a d i a l and c i r c u m f e r e n t i a l 

cum e en t ia l s r ^ ' " ^ ' ' T T ' ' * '""^ '"^'^^ °^ ^^^ P^^*^ ^"^ ' ^ ^ - d i L c i r -

o r T 30 ps and AT " ^ 2 5 % ' ' " ^ ^ ' ^ ^ " ^ ^ ^ " " ^ ^ " ^ " ^ ^ ^ ^ ^ ' ' ^ - ' ^ ' ^ ^ -
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bl-u-

P = 30 p s j -
fiT = - Z B ' F 
COMBINED TEMPERATURE 
MD PRESSURE STRESSES 

I I I 

Fig. 16 

Radial Stress Distributions, 
Top Plate 

Fig. 17 

Circumferential Stress 
Distr ibutions, Top Plate 

i T = - 2 5 ° F 
COHBIHEO TEMPERATURE 

AND PRESSURE STRESSES 



Fig. 18, Stress at Center vs . 
Plate Thickness 

Fig. 19, Radial Stress at Edge 
vs, Plate Thickness 

Fig. 20 

Circumferential Stress at 
Edge vs. Plate Thickness 



2- Membrane Stress Components 

The radial and circumferential membrane s t resses are due 
only to the temperature distribution To(r), or Bo and B,r, for the present 
case. Since there is no external force applied to the plane at the boundary, 
the membrane s t ress components are(4) 
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a' = a E * — Tor dr ^ dr (20) 

and 

Tor dr + Tor dr (21) 

where primes are used to denote the membrane s t ress . Substitution of 
Eq. (16) into Eqs. (20) and (21) yields 

i = ^ ( ' - i ) (22) 

and 

a' 
aBja 

1 - 2 (•f) (23) 

where a^ = a^ /E* and O'Q = a^/E* are nondimensional radial and c i r ­
cumferential membrane s t r e s se s . The numerical resul ts for typical load­
ings a re shown in Tables 5 and 6. It is seen from these tables that the 
membrane s t r e s se s a re comparable with the bending s t resses in the top 

RADIAL STRESS DISTRIBUTION FOR A TYPICAL 
LOADING CONDITION (k ^01 

1 r/a ^ 0 0.2 0.4 0.6 0.8 1.0 

a'r X \(fi' 

Or n 10* " 

Sum X 10* 

1.295 

6.523 

7.818 

1.036 

6,193 

7.229 

0.777 

5.376 

6.153 

0.518 

4.071 

4.589 

0.259 

2.279 

2.538 

0 

0 

0 

B. Middle Plate l h -4 in.I 

of X 10*' 

Of X 10^" 

Sum X 10^ 

1.036 

-3,444 

-3^340 

0.829 

-3,303 

-3.220 

0.622 

-2.889 

-2.827 

0.414 

-2.200 

-2.159 

0.207 

-1.237 

-1.216 

0 

0 

0 

C. Bottom Plate (h-4 it 

0.276 

3.728 

3.756 

0.207 

3.262 

3.283 

0.318 

2.485 

2.517 

denotes radial membrane stress. Eq. (221. 
" Vr denotes radial bending stress due to pressure and temperature 

constants. Afland Aj , Eq. (181. 
•5g denotes circumferential membrane siress, Eq. (231. 

"fg denotes circumferential bending stress due to pressui 
temperature conslants, Agand A i . Eq. (191. 

CIRCUMFERENTIAL STRESS DISTRIBUTION FOR ATYPICAL 
LOADING CONDITION (k ^0) 

r/a - 0 0.2 0,4 0.6 0.8 1.0 1 
A. TopPlate(h"6in.l 

0^ X 10*° 

Og X 10* " 

Sum X 10* 

1.295 

6.523 

7.818 

0.777 

6.160 

6.937 

0,259 

5.417 

5.676 

-0.259 

4.293 

4.034 

-0.777 

2.788 

2.011 

-1.295 

0.903 

-0.392 

B. Middle Plate ( h ' 4 in.l 

0^ X 10** 

Og X 103" 

Sum X 10^ 

1.036 

-3.444 

-3.340 

0.622 

-3.330 

-3.268 

0.207 

-3.002 

-2.981 

-0.207 

-2.460 

-2.481 

-0.622 

-1.704 

-1.766 

-1.036 

-0.734 

-0.838 

C, Bottom Plate ( t i^4 in.l 

^ x lO** 

Og x l o 3 " 

Sum X 10^ 

0.345 

3.883 

3.918 

0.207 

3.762 

3.783 

0.691 

3,398 

3.467 

-0.691 

2.792 

2.723 

-0.207 

1.943 

1.922 

-0.345 

0.851 

0.816 
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p l a t e , which is t h i c k e r than the o t h e r s , and tha t the m e m b r a n e s t r e s s e s in 
r e m a i n i n g p l a t e s can be neg l ec t ed . The u n d e r l i n e d q u a n t i t i e s a r e the 
m a x i m u m s t r e s s e s for each p l a t e . 

D, L i g a m e n t Efficiency 

The method of ca lcu la t ing s t r e s s e s and de f l ec t ions in a p e r f o r a t e d 
p la te with a t r i a n g u l a r p e n e t r a t i o n p a t t e r n h a s been g iven by O 'Donne l l and 
Langer ,^ ' They r e d u c e d the p e r f o r a t e d p la te to an "equ iva l en t sol id p l a t e " 
p r o b l e m by r e a s s i g n i n g va lue s to the e l a s t i c c o n s t a n t s . The effect ive e l a s ­
t ic cons t an t s E* and v* of the "equiva len t sol id p l a t e " having the s a m e d i -
men t ions of the p e r f o r a t e d p la te a r e obta ined in F i g . 21 , The quan t i t i e s E* 
and V* depend on the l i gamen t efficiency ( l igament eff ic iency = H / R , s ee 
F i g s . 3 and 21), and t he i r v a r i a t i o n s v e r s u s l i gamen t eff ic iency for 
H / R > 4 is shown in F ig . 21 . If E* and v* a r e known, the n u m e r i c a l b e n d ­
ing and m e m b r a n e s t r e s s e s and def lec t ions of an equ iva len t p la te can be 
ca l cu l a t ed f rom the equa t ions d e r i v e d in the p r e v i o u s s e c t i o n s . Def lec t ions 
of the p e r f o r a t e d p la te s a r e the s a m e a s the de f lec t ions of the equ iva len t 
solid p l a t e s . In the F A R E T co re c u r r e n t l y c o n s i d e r e d , 2R = 2.32 in. and 
2H = 0,375 in, ( see F ig . 3). The l i gamen t eff iciency is found to be 0 .162. 
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F i g . 21 

Effect ive E l a s t i c C o n s t a n t s 
for P e r f o r a t e d P l a t e s 

015 0 2 03 0 4 05 06 07 0 

H/fi LIGAMENT EFFICIENCY 

E, L imi t S t r e s s e s for Des ign of P e r f o r a t e d P l a t e s 

In o r d e r to des ign a p e r f o r a t e d p la te unde r combined m e c h a n i c a l 
and t h e r m a l load ings , it is p r o p o s e d in Ref. 3 that l i g a m e n t s t r e s s i n t ens i ty 
and peak s t r e s s in tens i ty should be the l imi t ing s t r e s s e s . The l i g a m e n t 
s t r e s s in tens i ty Oeff, whose ca lcu la t ion is b a s e d on the m a x i m u m - s h e a r 
theo ry of f a i lu re , i s the a v e r a g e s t r e s s a c r o s s the m i n i m u m l i g a m e n t s e c ­
t ion, but not th rough the t h i c k n e s s of the p l a t e . The peak s t r e s s i n t ens i ty 
Omax IS the m a x i m u m loca l s t r e s s due to m e c h a n i c a l and t h e r m a l loads 
Howeve r , the peak s t r e s s in tens i ty , being l o c a l i z e d , is not c o n s i d e r e d t o ' 
be the m o s t s ignif icant . It is of i n t e r e s t only when it is r e p e a t e d often 
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enough to produce f a t i g u r e . R e f e r e n c e 3 s t a t e s that for a p e r f o r a t e d p la te 
u n d e r c o m b i n e d m e c h a n i c a l and t h e r m a l l oad ings : 

1. The l i g a m e n t s t r e s s in tens i ty Ogff should be l i m i t e d to 3 S j ^ , 
where S ^ is the a l l owab le s t r e s s which , a c c o r d i n g to the 1959 ASME B o i l e r 
Code, should not e x c e e d 5 /8 of the y ie ld s t r e n g t h of a f e r r o u s m a t e r i a l . 

2. The peak s t r e s s i n t e n s i t i e s o.^^^ due to any loading should be 
l i m i t e d by the c u m u l a t i v e fat igue d a m a g e , as d e s c r i b e d i n R e f s . 9, 10, and 11. 

In the following a s a m p l e ca lcu la t ion of the l i g a m e n t s t r e s s i n t ens i ty 
Oeff and p e a k s t r e s s Omax ®̂ given for the top p l a t e . F r o m Table 5, it i s 
s e e n t h a t the m a x i m u m s t r e s s o c c u r s a t the c e n t e r of the plate, and tha t both 
the r a d i a l and c i r c u m f e r e n t i a l s t r e s s e s a r e the s a m e , i . e . . Or = Og = 
7.8 x 10"^. The quant i ty Oi, by def ini t ion, equa l s the l a r g e r of \a^\ and | ag \ 
( s ee Ref. 3). 

T h e r e f o r e , 

S ince 

Bi = 7.8 X 10"^, 

E * = 2,014 X lO' p s i . 

Oj = 1574 p s i , 

it i s found f r o m F i g . 10 of Ref. 3 for 

Or/°9 = 1' 

that the s t r e s s i n t e n s i t y f ac to r K = 1. T h e r e f o r e , the l i g a m e n t s t r e s s i n ­
t e n s i t y can be found a s fol lows ( see Ref. 3): 

Oeff m) -^-M'' "̂̂  = ''"' "' 
P e a k s t r e s s i s def ined in Ref. 3 a s 

° m a x = YOi + p , 

w h e r e p i s the p r e s s u r e ac t ing on the s u r f a c e and Y the s t r e s s r a t i o , d e ­
pend ing upon the l i g a m e n t eff ic iency and the s t a t e of s t r e s s e s . 

The va lue Y = 7.6 i s ob ta ined f r o m F i g . 12 of Ref. 3 for a l i g a m e n t 
e f f ic iency of 0 .162. T h e r e f o r e , 

Omax = ''•^ ^ 1574 + 30 = 11992 p s i . 
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The s t ress intensities a re calculated similarly for the middle and bottom 
plates. Results a re shown in Table 7. For the same ligament efficiency, 
and depending on the allowable s t r esses S^^, it is seen that the thickness of 
the top plate could be reduced and the thicknesses of the remaining plates 
could be increased. Such an adjustment of the plate thickness would im­
prove the design. Calculations based on the methods of this repor t would 
then have to be repeated with the new plate dimensions. 

Table 7 

LIGAMENT STRESS INTENSITY 
Oeff AND PEAK STRESS 

INTENSITY Oj^ax FOR FARET 
MODEL (k = 0) 

(psi) 

^ s . Stress 
\ s ^ n t e n s i t i e s 

Plates \ s . ^ 

Top 

Middle 

Bottom 

Oeff 

9700 

41600 

48800 

^max 

12000 

51100 

60000 
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IV, CONCLUDING REMARKS 

A general solution for the bending of a core support plate subjected 
to mechanical and thermal loadings was obtained. The solution incorporates 
boundary conditions having varying degrees of rotational constraint. How­
ever , to evaluate the effectiveness of the constraint provided by the support­
ing s t ruc ture , one must r e so r t to experimental techniques for establishing 
the rotational effectiveness. The optimum values of k, the rotational r e ­
straint factor, can be obtained by invoking the theorem of minimum total 
potential energy. 

Although the report considers only linear temperature variation 
through the thickness of the plate, other variations can be readily t reated 
through Eq. (2). The solution obtained was applied to the FARET core sup­
port model. 

The method of solution can be extended to ring plates, stepped plates, 
and plates with variable thickness subjected to mechanical and thermal 
loadings. 
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